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Abstract
Ample evidence has demonstrated that biological cells not only react to biochemical cues from the surrounding
microenvironments but also sensitively detect the mechanical properties of the extracellular matrix and neighboring cells to
adapt their shape, function, and fate. Mechanical aspects in biology, called mechanobiology, have been attracting biologists,
chemists, physicists, and mechanical engineers. However, most in vitro studies to date have heavily relied on covalently
cross-linked hydrogels with prefixed and hence unchangeable mechanical properties, although the mechanical properties of
the cellular microenvironment are never uniform or static. From this context, stimuli-responsive hydrogels are highly
attractive as surrogate materials that can simulate dynamic physical microenvironments in vivo. This review tries to provide
a comprehensive overview of previous achievements, present pitfalls and challenges, and future perspectives on the recent
development of stimuli-responsive hydrogel materials for the dynamic control of cell behavior.
Introduction
During the past two decades, mechanobiology has drawn
increasing attention as an interdisciplinary forum for
researchers from the fields of materials science and biome-
dical science. Mounting evidence suggests that biological
cells not only passively sense biochemical cues but also
actively react to mechanical cues from the surrounding
microenvironment [1, 2]. For example, the formation of
neurite branches of neuronal cells [3] and the striation of
actomyosin bundles in cardiac myotubes [4] is significantly
improved on hydrogel substrates possessing elastic moduli
comparable to those of the native extracellular matrix.
Researchers from regenerative medicine have also suggested
the importance of mechanical compliance in the regulation of
stem cell differentiation. Mesenchymal stem cells injected
into the blood vessels of a lever undergoing fibrosis did not
lead to the regeneration of hepatocytes but instead led to
misdifferentiation into ductal cells [5]. In 2006, Discher and
coworkers showed that the lineage-specific differentiation of
somatic stem cells can be regulated by the elasticity of che-
mically cross-linked polyacrylamide substrates functionalized
with type I collagen [6]. Although later studies have shown
that substrate elasticity is important but not the only deter-
minant for the fate of stem cells [7, 8], this study made many
materials scientists aware of the crucial roles of mechanics in
regulating cells. To date, a number of chemically cross-linked
hydrogels have been synthesized as models of the extra-
cellular matrix [9]. The fine adjustment of cross-linker con-
centrations and the reaction time [10, 11] enables the control
of bulk elastic moduli (Young’s moduli) of hydrogels ex situ.
Such materials have been used to gain insights into the roles
of elasticity compliance between cells and the extracellular
matrix in optimizing cell morphology [4, 12, 13], regulating
migratory behavior [14, 15], controlling stem cell differ-
entiation [16], and engineering tissue [17].
However, these ex situ approaches to mechanically regulate
biological cells have overlooked one key aspect: the micro-
environments of cells are never static but highly dynamic.
Dynamic changes in extracellular matrix stiffness significantly





1 Physical Chemistry of Biosystems, Institute of Physical
Chemistry, Heidelberg University, 69120 Heidelberg, Germany
2 Center for Integrative Medicine and Medicine, Institute for
Advanced Study, Kyoto University, Kyoto 606-8501, Japan
3 Department of Materials Engineering Science, Graduate School of















shown that remodeling of the extracellular matrix is prominent
in many diseases. For example, hematopoietic diseases, such
as leukemia and osteomyeloma, are accompanied by the
fibrotic stiffening of bone marrow, resulting in cytopenia [18].
It has also been shown that enzymatic degradation of hya-
luronic acid is enhanced during tumor growth and inflamma-
tion [19]. All these findings indicate a clear demand to design
a new class of extracellular matrix models whose mechanical
properties can be modulated on demand by external stimuli
(Fig. 1). In this review, we will highlight recent progress in the
design of stimuli-responsive hydrogel materials for the
dynamic regulation of cellular functions.
(Bio)chemical modulation of covalently
cross-linked hydrogels
One straightforward strategy to change the mechanical
properties of cellular microenvironments is to follow the
tactics of cancer cells, i.e., enzymatic degradation. For
example, a number of studies have shown that many
metastatic cancers can be characterized by the over-
production of various matrix metalloproteases that digest
extracellular matrix proteins [20]. The enzymatic digestion
of extracellular polysaccharides, such as hyaluronic acid,
exhibits a clear influence on the expression level of CD44 in
various cancer cells [19]. Digestion of extracellular matrix
by enzymes not only cuts biomacromolecules into smaller
fragments but also reduces the density of the cross-links.
This inspired material scientists to synthesize chemically or
biochemically degradable hydrogel substrates. Yui et al.
reported that hyaluronic acid cross-linked with glycidyl
ether can be degraded by hydroxyl radicals in vitro and by
inflammation in vivo [21]. Hyaluronic acid gels can be
synthesized by cross-linking thiolated hyaluronic acid with
poly(ethylene glycol) diacrylate [22], photopolymerizing
hyaluronic acid modified with methacryloyl groups [23], or
forming disulfide bonds between thiolated hyaluronic acid
polymers [24, 25]. These gels can be degraded by either the
biochemical degradation of hyaluronic acid backbones with
hyaluronidase or the chemical cleavage of disulfide bridges
with dithiothreitol.
Collagen and gelatin, which are both degraded by col-
lagenase, have been used for various biomedical applica-
tions, such as the release of growth factors [26] and wound
healing [27]. During the last two decades, many researchers
have examined the combination of hyaluronic acid, col-
lagen/gelatin, and other polymers for numerous biological
and medical applications [28–30]. A similar strategy can
also be applied to chemically cleave the covalent cross-links
of hydrogels made out of synthetic polymers. For example,
Kloxin et al. [31, 32] designed poly(ethylene glycol)
hydrogels whose cross-linking can be cleaved by light. A
unique but medically relevant strategy to cleave chemical
cross-links is irradiation with gamma rays. Simmons et al.
[33] reported that rat stromal cells implanted together with
alginate hydrogels into severely immunodeficient mice
exhibited high bone regeneration capacity by the fine
adjustment of gamma ray irradiation, which can be attrib-
uted to the controlled release/diffusion of growth factors in
the rapidly degrading, irradiated hydrogels. Chemical stif-
fening of hydrogel substrates during cell culture is more
challenging because it often requires the formation of
additional bonds under challenging conditions for cells,
such as UV irradiation. Guvendiren and Burdick [34] pro-
posed the use of methacrylated hyaluronic acid that can be
cross-linked in two steps; the degree of the first cross-
linking is controlled by the amount of dithiothreitol,
whereas the remaining methacrylate groups can be cross-
linked by UV irradiation. Nevertheless, it should be noted
that the conditions for these stimuli must be examined very
carefully in advance because it has been reported that
dithiothreitol makes the bacterial cell walls porous [35], and
over-irradiation of cells by UV light is known to cause
apoptosis [36]. A recent account has shown that the enzy-
matic reaction followed by photochemical cross-linking of
hyaluronic acid derivatives can also be used to stiffen
hydrogels on demand [37].
Thermal modulation of hydrogels
Another useful cue to modulate the mechanical properties of
polymeric materials is temperature. If one considers the appli-
cations in bioscience, one of the most widely used synthetic
thermoresponsive polymers is poly(N-isopropylacrylamide)
(PNIPAAm) [38]. In aqueous media, PNIPAAm undergoes a





Fig. 1 Dynamic regulation of cells using materials with mechanical
properties that can be altered in response to cytocompatible external
stimuli
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coil-to-globule transition at T*= 32–33 °C. As shown
schematically in Fig. 2a, PNIPAAm is insoluble in aqueous
media at T ≥ T*, taking on a collapsed coil conformation.
On the other hand, when T ≤ T*, PNIPAAm becomes water
soluble and takes on a globular conformation. From a
thermodynamic viewpoint, the lower critical solution tem-
perature T* (LCST) can generally be understood as the
difference in the free energy change caused by mixing water
with the polymer. As shown in Fig. 2b, the local stability of
polymer–water mixtures can be defined by a spinodal line,
which corresponds to ∂
2G
∂x2 ¼ 0. The conditions inside the
curve will undergo spinodal decomposition (phase separa-
tion). On the other hand, the binodal line indicates the
conditions for phase coexistence. As the mixing of polymer
and water is spontaneous at T  T, ΔGmix  0at T  T,
whereas ΔGmix  0 at T  T. Poorly water soluble, com-
pact PNIPAAm is stiff and thus allows cell adhesion at
T  T. On the other hand, PNIPAAm dissolves in water at
T  T, which results in cell detachment. Okano and
coworkers prepared PNIPAAm hydrogels on the surface of
culture dishes by electron beam-induced polymerization,
cultured cells at T  T (37 °C) to confluency, and
detached a cell monolayer from the culture dishes by low-
ering the temperature to T  T (Fig. 2c) [39, 40]. This
launched the large potential to harvest a two-dimensional
sheet of cells without proteolytic dissociation so that one
can directly transplant the cell sheet [41, 42].
Block copolymers of poly(ethylene oxide) (PEO) and
poly(propylene oxide) (PPO) possess unique thermo-
responsive properties, whose LCST can be adjusted to
between 20 and 85 °C simply by changing the composition
of each block [43, 44]. The aqueous solutions undergo a
sol–gel transition when heated above the LCST. Some
block copolymers, such as pluronics, poloxamers, and
tetronics, are commercially available and used as injectable



























Fig. 2 a Changes in the polymer
chain conformation at a lower
critical solution temperature
(LCST) is driven by the not
energetically favored mixing
entropy. b Phase diagram of an
LCST polymer. c Cell sheet
detachment from a
thermoresponsive surface coated
with the LCST polymer
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drugs, and genes [45, 46]. For example, pluronic F-127,
(PEO)106(PPO)70(PEO)106, can be dissolved as a clear
solution of micelles at low temperature but turn into stiff
gels at body temperature. Upon injection into the body, they
can form protective barriers without losing the capacity to
release functional entities [43, 47]. Pluronics have also been
used as materials to reduce cell adhesion [48] as well as
improve blood compatibility [49].
pH modulation of hydrogels
The extracellular pH level near a tumor is distinctly lower
than that near normal, healthy tissue [50]. On the other
hand, the intracellular pH of cancer cells is higher than the
pH inside normal cells [51]. Such a reversed pH gradient in
cancer cells and normal cells suggests that both the efficacy
of drugs and the release of drugs from carriers strongly
depend on the pH. Therefore, pH-responsive hydrogels
have drawn attention as tailor-made carriers for anticancer
drugs owing to their capability to release drug molecules
selectively at a certain pH values [52, 53]. Anionic poly-
electrolytes, such as poly(acrylic acid) and poly(methacrylic
acid), have been investigated in pharmaceutical applica-
tions, as they reversibly alter the degree of ionization at
acidic pH values [54, 55].
To modulate the micromechanical environment of cells
without interfering with their pH viability and functionality,
weak polyelectrolytes seem more advantageous compared
with strong polyelectrolytes because the degree of ionization
can be adjusted near physiological pH. A prominent example
inspired by nature is block copolymers containing polypep-
tides consisting of naturally occurring, weakly acidic/basic
amino acids [56, 57]. Tailor-made oligo- and polypeptides
both enable the flexible adjustment of isoelectric points. By
using secondary structures, such as α-helices [58], these block
copolymers can self-assemble into a variety of super-
structures, such as micelles [59] and vesicles [60].
Among synthetic polymers possessing pKa values in the
range of 6.3–7.5, poly(2-(alkylamino)ethyl methacrylate)
derivatives have been utilized to fabricate various biomaterials
[61]. Armes and coworkers synthesized a variety of block
copolymers containing these moieties by means of reversible-
deactivation radical polymerization, such as atom transfer
radical polymerization and reversible addition-fragmentation
chain transfer polymerization. They reported that some of the
block copolymers are able to form highly uniform and stable
micelles [62, 63]. Block copolymers consisting of a pH-
sensitive block and a biocompatible zwitterionic poly(2-
(methacryloyloxy)ethyl phosphorylcholine) (PMPC) block
[64, 65] enable the fabrication of biocompatible and pH-
responsive micelles [62], vesicles [66], and free-standing gels
[67] under physiological conditions.
By choosing the optimal block ratio, monolayers [68]
and hydrogels [69] on solid substrates can also be formed.
For example, specular neutron reflectivity data confirmed
that a few nanometer-thick monolayer of a block copolymer
showed distinct switching of the film thickness by the
reversible charging/decharging of pH-responsive blocks.
This further enables one to reversibly switch the thickness
of the water layer between a lipid membrane and the
underlying substrate by a factor of almost 2 [68]. However,
a few nanometer-thick monolayer system is not suited for
regulation of cells because cells mechanically “feel” the
underlying solid substrates possessing an elastic modulus of
~ 1 GPa. As the strain field caused by the active traction
force generated by cells decays exponentially over the
distance from the surface, the use of hydrogels with thick-
nesses larger than 1 µm is necessary to ensure that the cells
feel substrate elasticity [70]. Hydrogel films of the block
copolymer composed of pH-responsive and PMPC blocks
can be prepared by spin-coating of methanolic solutions.
After the removal of methanol, the films can be soaked and
hydrated in cell culture medium. The basic building blocks
of this hydrogel are formed by the physical entanglement of
“flower-like” micelles of pH-responsive poly(2-(iso-
propylamino)ethyl methacrylate) (PDPA) surrounded by
biocompatible PMPC blocks (Fig. 3a). As the pKa of the
protonated PDPA homopolymer is ~6.2 [61], the mean
degree of ionization of the PDPA core is lower at higher
pH. The uncharged PDPA core is more compact owing to
less intrachain electrostatic repulsion compared with the
charged core, which results in a larger bulk elastic modulus.
On the other hand, upon lowering the pH, the interaction
between partially charged PDPA blocks becomes more
repulsive, which results in a softer gel film. As the bulk
elastic modulus of the gel is linearly proportional to pH, it is
possible to reversibly soften and stiffen the hydrogel sub-
strates between 1.4 kPa and 40 kPa by simply adjusting the
pH of the culture medium between 7 and 8. Changes in the
mechanical properties of contact substrates are sensed by
the mechanotransduction machinery in focal adhesion
complexes, which results in reversible changes in cell shape
and adhesion strength without interference with cell viabi-
lity (Fig. 3b) [69]. Cellular mechanosensing can be quan-
titatively parameterized by using the nematic order
parameter of the actin cytoskeleton, S ¼ cos 2θ, where θ is
the angle between the major axis of the cell and each actin
filament [71]. Inoue et al. demonstrated that the abrupt
softening of hydrogel substrates leads to a discontinuous
decrease in the nematic order parameter of C2C12 cytos-
keletons, suggesting that dynamic cytoskeletal remodeling
can be described physically as a break of symmetry, as in
quantum mechanics [72].
These hydrogel substrates can also be used for the long-
term maintenance of more naive cells, such as human
864 M. Tanaka et al.
mesenchymal stem cells (hMSCs) derived from the bone
marrow [7]. More than 90% of the mesenchymal stem cells
cultured on hydrogel substrates remain immunoreactive to
the multipotency marker over 20 d irrespective of the sub-
strate elasticity, suggesting that substrate elasticity is not the
only factor determining stem cell fate. Once these cultured
hMSCs are transferred into differentiation induction media
at t= 20 d, they can still undergo lineage-specific com-
mitment to either adipocytes or osteoblasts. More remark-
ably, simply by changing the substrate elasticity every
second day, the proliferation of hMSCs was significantly
suppressed by up to 90% with no loss of the multiple
lineage potential. However, although the modulation of pH
does not interfere with the viability of stem cells, a new
class of stimuli-responsive hydrogels that reversibly alter
elasticity at physiological pH is safer and more useful for
biomedical applications.
Chemical modulation of hydrogels cross-
linked by noncovalent bonds
Many biomolecules self-assemble and build hierarchical
structures via the interplay of noncovalent and hence
reversible intermolecular interactions. This inspired mate-
rials scientists to design a new class of supramolecular
polymers [73, 74], which are held together via reversible
and highly directional noncovalent interactions, such as
hydrogen bonding and host–guest interactions [75, 76]. For
example, by modifying the side chains of the hosts and their
complementary guest moieties, various hydrogels can be
fabricated by cross-linking hydrophilic polymer chains via
noncovalent, host–guest interactions. One of the unique
characteristics of supramolecular hydrogels is that
host–guest pairs can reversibly dissociate/associate by
adding/removing competitive host (or guest) molecules to/
from the solution (Fig. 4a). For example, cyclodextrins
(CDs) can serve as hosts that recognize hydrophobic,
organic guest molecules in aqueous solutions [77]. Such
reversible, noncovalent host–guest interactions recognize
materials with highly unique functionalities, such as self-
healing of defects [78], repetitive contraction/expansion
cycles [79], and tunable shear thinning capacity [80].
For the dynamic modulation of cellular micromechanical
environments, supramolecular hydrogels can potentially
provide an advantage over other stimuli-responsive hydro-
gels [80–82]. Compared with other stimuli, e.g., proteases,
reducing agents, light, temperature, and pH, one can
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Fig. 3 a ABA triblock copolymer containing the pH-responsive poly
(2-(isopropylamino)ethyl methacrylate) (PDPA) block and bio-
compatible zwitterionic poly(2-(methacryloyloxy)ethyl phosphor-
ylcholine) (PMPC) block. Physical entanglement of flower micelles
results in pH-responsive hydrogels. b Reversible switching of
myoblast cells by the softening and stiffening of hydrogel substrates.
Cells are contractile and spread on stiff substrates by gripping the
substrates, but they take a round shape when the substrate elasticity is
reduced from 40 kPa to 2 kPa
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eliminate or minimize the risk of damaging cells by
choosing host or guest molecules with no or little cyto-
toxicity. For example, hydrogels cross-linked with
host–guest interactions between β-cyclodextrin (βCD) and
adamantane have been used for the dynamic regulation of
myoblast cells [83]. First, the initial substrate elasticity can
be optimized by selecting the molar fraction of host and
guest monomers for the target cells. By varying the con-
centrations of free, competing host molecules (βCD) in
solution, the reversible nature of host–guest interactions
enables us to flexibly adjust the extent of softening/stif-
fening of the hydrogel substrates. Compared with other
stimuli-responsive materials that can either change the
elasticity only in one direction or those that rely on less-
biocompatible stimuli such as UV light and temperature
changes, supramolecular hydrogels enable the reversible
application of mechanical cues without interfering with cell
viability. The absolute level of the elastic modulus can be
adjusted by the total monomer concentration and the mixing
ratio between pure (matrix) acrylamide monomers and
acrylamide monomers modified with host/guest moieties.
βCD has been approved as a food additive by the FDA (US
Food and Drug Administration) and adamantane is not
digested by cells [84, 85]. Free βCD/adamantane molecules
dissolved in culture medium would lead to a decrease in the
number of cross-links within 10 min by shifting the che-
mical equilibrium. This enables one to switch the substrate
elasticity to the desired level at any time point merely by
medium exchange; the decrease in elastic modulus is pro-
portional to the chemical potential of free molecules and
hence proportional to log[βCD/adamantane] (Fig. 4b). On
the other hand, after soaking hydrogels in normal medium
with no additives, the substrate elasticity recovers to the
original level within 1 h. In the case of a hydrogel prepared
with a total monomer concentration of 2 mol kg−1 contain-
ing 2.5 mol% monomers with host/guest side chain func-
tionalities, the substrate elasticity can be fine adjusted to
between 11 and 4 kPa. The elastic modulus covered by this
material was suited for both static (ex situ) and dynamic
(in situ) regulation of cell morphology and cytoskeletal
ordering of myoblasts (Fig. 4c) [83].
Perspectives: from 2D to 3D, from isotropic
to anisotropic
As shown above, stimuli-responsive hydrogel materials
enable dynamic modulation of the micromechanical envir-
onment of biological cells. This becomes highly relevant in
simulating the remodeling of extracellular matrix caused by
diseases and aging. For biomedical studies, the choice of
stimuli that can change the substrate stiffness with minimal
interference to cellular functions is extremely crucial.






























Fig. 4 a Working principle of
supramolecular hydrogels cross-
linked via host–guest
interactions. b The decrease in
the bulk elastic modulus is
linearly proportional to the log C
of host/guest molecules
dissolved in the medium. c
Discrete and reversible control
of myoblast cells on the same
substrate incubated with media
containing different amounts of
free competitors
866 M. Tanaka et al.
temperature, light, pH, and enzymes, supramolecular
hydrogels can potentially offer a larger degree of freedom in
the choice of additives.
One natural and straightforward extension of such a
strategy moves towards the development of three-
dimensional cellular environments with dynamically tun-
able mechanical properties, modeling in vivo cellular
microenvironments. Recent studies have suggested that
some types of cells cultured on two-dimensional substrates
do not recapitulate the phenotype of the cells in vivo
[86, 87]. To date, gelatin-based materials, such as Matrigel,
have been used as three-dimensional cell culture materials,
and other three-dimensional culture materials based on
hydrogels are currently being developed [88].
Another interesting direction is to introduce anisotropy to
the model of the extracellular matrix. In our body, fibrous
extracellular matrix proteins, such as collagen, often exhibit
a highly anisotropic topography that dictates the morphol-
ogy, directional order, and migration of cells, called contact
guidance [89–92]. As nanofibers of proteins, such as col-
lagen and gelatin, have been utilized for various applica-
tions, including wound healing and tissue engineering
[88, 93, 94], protein nanofibers with stimuli-responsive
functional groups seem to be a promising and biologically
relevant target. Moreover, fabrication of stimuli-responsive,
three-dimensional microstructures comparable to or smaller
than the size of cells with advanced three-dimensional
printing technology is a promising strategy to micro-
fabricate cellular scaffolds with a defined geometry [95].
The combination of stimuli-responsive hydrogels, pro-
tein fibers, and three-dimensional scaffolds not only helps
us to understand how cells react to changes in complex
environments but also realizes a new class of cell culture
materials with tunable mechanical properties in a well-
defined geometry.
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